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We have tested the utility of infrasound for regional monitoring of mining activity. In collaboration with Rodney Whitaker (LANL) a 3 element, 100 m aperture infrasound array was coloated with a seismic station 200 km from the Black Thunder coal mine in Wyoming. This small array recorded coherent signals from a Black Thunder cast blast which yielded a precise bearing estimate -within 2° of the correct azimuth of the mine shotdespite strong cross-winds at the time of the shot. This report describes this result and a preliminary attempt to synthesize propagation of acoustic energy through a windy atmosphere. Hedlin et al. (1989) made a number of observations about the seismic coda produced by delay-fired events, In recordings made in Kazakhstan there was clear evidence that the mining was not only producing highly scalloped spectra, but these scallops were long lived. They survived the onset phases and persisted long into the coda (Figures 1, 2a) . Although this kind of character can be acquired during propagation, for example by resonance in low-velocity strata, it was clear that these features were spawned by the mining technique (Figures 1, 2b) . They most likely result directly from the intershot, 3r interrow, delays or from the spatial and temporal finiteness of the mining shot-sequences. Hedlin et al, 1989) detonated in Kazakhstan. The recording was made at a range of 157 km by the vertical component seismometer at Bayanaul.
A Global Test of a Time-frequency Small-event Discriminant

The time-frequency Discriminant -Basic Observations
BAY_HSSZJ987245092720.27.tf BAY_HBIZ_1987135103538.00.tf Figure 3 . Hedlin et al. (1989) developed a procedure whereby a binary sonogram is derived from the spectral sonogram by the application of filters which replace spectral information with a binary code which simply reflects local spectral highs and lows. Binary versions of the sonograms presented in Figures Hedlin et al. (1989) also observed that these scallops were remarkably independent of recording direction and the azimuth from the mine to the receiver. The upper left panel in Figure 3 shows a filtered (binary) version of the sonogram shown in Figure 2b . (see Hedlin et al., 1989 or the appendix for details on the binary transformation). The other three binary sonograms were obtained from a 3-component recording of the quarry blast shown in Figure 2a . The independence of the scallops from time and recording direction is unmistakable. In Figures 4 and 5, we take this qualitative analysis further and summarize an analysis of recordings of earthquakes and quarry blasts made by the KNET in Kyrgyzstan (Vernon et al., 1994) . This broadband, 3-component network is ideally suited for our needs since it is situated between the seismically active Tien Shan and a limestone quarry (located just north-east of Bishkek). Figure 4 : The Kyrgyz broadband seismic network. The three clusters of events were used to test the ATFD. The cluster located near station AML are aftershocks to the magnitude 7.3 Sushamyr earthquake. A second cluster of earthquakes is located near AAK. The tight cluster to the northeast of CHM are all believed to be delay-fired shots in a limestone quarry.
Examining the quarry blasts and the cluster of earthquakes located to the southwest of the network (all aftershocks to the 1^7.3 Sushamyr earthquake ; Mellors et ah, 1997) , we found that the network average zero-lag cross correlations of the binary patterns between the recording components (average of eastwest vs vertical, vertical vs north-south and east-west vs north-south) clearly separate quarry blasts from earthquakes. A second set of earthquakes (the cluster located within the network) and a second set of quarry blasts from the same mine have essentially the same separation ( Figure 5b ).
Perhaps these basic observations of independence of scalloping from recording direction and sourcereceiver azimuth are not surprising. Assuming that the wavefields produced by each sub-shot are identical, evidence of the shot pattern (separation in time and space of many sub-shots in a delay-fired source) should be contained within the recorded, summed wavefield unless the sensor is located so far from the source that frequencies required to document the delays are attenuated. This repetition of a common, single shot wavefield should not depend on the orientation of the sensor since regardless of what happens during propagation between the source and receiver, the information produced by any of the single shots is encoded within the cumulative waveform in the same way. Given that the spatial 
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dimensions of the shot-grid are insubstantial, so that the apparent, additional time-delays incurred by the seismic energy propagating between sub-shots are small when compared with the source-time differences, this information should not have a strong dependence on azimuth. Given the conditions just stated, it should be possible to reach the same inferences about the timing of the shot-grid regardless of the orientation of the sensor and its azimuth from the source.
Display and Automated Recognition of Time-independent Spectra
The Automated Time-Frequency Discriminant (ATFD) has been partially described in earlier papers (e.g. Hedlin et al, 1989; Hedlin et al, 1990; Hedlin et al, 1995) , and only a brief review will be given here. The technique depends on time-frequency displays calculated using Short Time Fourier Transforms (STFT; Daubechies, 1996) , otherwise known either as sonograms or spectrograms (Figures 2 and 3 ).
An obvious advantage of a single Fourier transform of an entire time-series is that it yields a high resolution spectrum (since the Rayleigh spacing is equal to the inverse of the time-span of the series transformed). The spectral structure of long-lived features is well, if not precisely, defined. The disadvantage is that the spectrum shows an integration of contributions made by many different features in the seismogram -many of which were short lived. The single spectrum doesn't reveal the relative timing of the features and will not allow us to discriminate between short-and long-lived features.
Although the STFT provides poorer frequency resolution, it separates early and late transients and thus reveals the evolution of the signal's spectrum with time. It has been pointed out by many authors that the STFT offers time-frequency resolution that is invariant with frequency and that this is at odds with the physics of the signal since, one would expect, high-frequency transients can be short-lived relative to their low-frequency neighbors. Expansion techniques that use wavelets which traverse the time series by translating in time and scaling in frequency offer flexible time-and frequency-resolution (Daubechies, 1990; . As frequency (f) increases, the length of the wavelets decreases, allowing a closer look at variations with time, and the resolution in frequency becomes poorer (AfAt conserved).
Although the fine details of the time-frequency structure are interesting, and will be used to study the genesis of spectral overtones in a forthcoming paper, what we want for the automated discriminant is a routine process which will tell us if certain frequency bands are enriched in energy while others are depleted. We are seeking spectral modulations which can be long-lived (many periods) regardless of their frequency and are not attempting to precisely define the structure. Also, these modulations result from the multiplication with a modulation function which does not usually scale in bandwidth systematically with frequency. For these reasons, and the fact that wavelet expansions are time consuming and that we are seeking an algorithm which can calculate the expansions of frequent events on the fly, we have continued to use STFT's.
The current ATFD recognizes long-lived modulations in the binary sonograms (Hedlin et al, 1989) by applying three separate and simple tests. Hedlin et al. (1990) developed a procedure to automatically recognize time-independent patterns which are periodic in frequency. This technique utilizes a two-dimensional Fourier transform of the binary sonogram which reveals the dependence of the binary pattern on frequency and time. In view of its resemblance to the cepstrum (which identifies periodicities in single spectra), and the fact that it is derived from onset and coda phases we now refer to it as the coda cepstrum (Hedlin et al, 1995) . The algorithm estimates the time-independence of the binary patterns by calculating the autocorrelation of individual narrow band (single frequency) timeseries. Independence from recording direction is judged by cross-correlation. These operations (reviewed in detail in the appendix) are easily adapted to different kinds of deployments, e.g. single component/ station to 3C to single or 3C networks or arrays. The algorithm will compute whatever is possible given the deployment -e.g. a single vertical component station will yield single estimates of the autocorrelation and the coda cepstrum, a 3-component network will yield a total of 9 network averaged variates.
Mültivariate Discrimination Analysis.
These individual parameters are merged into a single discrimination score with the aid of multivariate statistics (Seber, 1984) . Generally, a linear discriminant function was used unless the dispersion matrices of the two event types were judged to be too dissimilar -in which case a quadratic is appropriate. In all cases, it was assumed that the probability of each event type was equal and the discriminant decision was simply based on the sign of the discriminant function (as in Kim etal, 1993) . In all cases, standard tests were applied to ensure the validity of the statistical analysis.
The Data Used in the Global Test
Often a discriminant is tested with great success against a single dataset only to perform poorly on a dataset collected elsewhere. There are a number of explanations for this {e.g. some discriminants will work well only in certain geological settings). For this reason, this report describes a test of the adaptibility of the discriminant using a number of well separated and dissimilar datasets. The algorithm is tested using dissimilar styles of seismic deployment (incl. a single 3-component station, single-and 3-component networks and arrays), varying seismic instrumentation (incl. short period and broadband) located in distinct tectonic regions where mining techniques are likely to be tailored to local needs. The six datasets are described below and in Figure 1 . A full review of the analysis of one dataset follows along with a summary of the rest.
1) Single (chemical) explosions and quarry blasts recorded at close range (< 300 km) by a sparse 3-component network (NRDC) deployed in 1987 on a high Q crust in central Kazakhstan (Berger et al, 1987) . In the absence of in-mine (ground truth) information event identification was based on C. Thurber's interpretation of SPOT photos (Thurber et al., 1989) and the fact that the Kazakh platform is seismically quiet (Berger et al, 1987) .
2&3) Earthquakes and quarry blasts recorded by a dense (10 stations in an aperture of 200 km) telemetered 3-component broadband network (KNET) deployed in Kyrgyzstan on the thrust belt between the Kazakh platform to the north and the seismically active Tien Shan to the south ( Figure  4) . The analysis uses 100 sps recordings of two clusters of earthquakes and two sets of quarry blasts which occurred at a limestone quarry (located by Rob Mellors, UCSD, at 43.028° N and 74.888° E). Events were identified as quarry blasts on the basis of their location and the origin time -the limestone shots typically occurred in the late afternoon. In addition, some of these events produced obvious acoustic signals which arrived at CHM roughly 37 s after P; no ground truth data were available.
4) Recordings of quarry blasts and earthquakes made by the NORESS small aperture array in southern Norway. NORESS consists of 25 GS-13 stations (all vertical except 4 which have 3-components) deployed in a 3 km aperture on Precambrian or Paleozoic hard-rock (Mykkeltveit et al., 1983) . This dataset consists of 40 sps recordings of 26 quarry blasts (with no ground truth) and 16 earthquakes located within 7.5° of the array (Hedlin etal, 1990) . (Harjes, 1990) . These recordings were obtained from the European Ground Truth Database {Grant & Carabajal, 1995) and were contributed by J. Wüster. Included are 40 sps recordings of 11 quarry blasts and 10 earthquakes located between 1.5 and 2.5° to the northwest of the array (see Wüster, 1993 for a fuller description).
5) Recordings of quarry blasts and earthquakes made by GERESS
6) Recordings of quarry blasts (in the Newmont Gold Mine in Nevada) and earthquakes (including events in the Rock Valley earthquake sequence near NTS) made by a single (3-component) broadband Guralp (ELK in the LNN network) located near Carlin, NV roughly 80 km from the mine (Jarpe et al, 1996) . The sensor has a flat response to velocity between 0.01 and 30 Hz. The hard rock mine (which detonates delay-fired shots every 2 days each using 15 to 100 tons of explosives) has been monitored by LLNL scientists (incl. Drs. Peter Goldstein, Bill Moran and Steve Jarpe). Mining records have been used to constrain the blast patterns, which typically involve delays from 50 to 100 ms. This dataset, contributed to us by Steve Jarpe and Peter Goldstein, consists of 42 quarry blasts (all occurring at the Newmont Gold Mine in Nevada) and 36 widely dispersed earthquakes all located within 2° of ELK (Jarpe etal., 1996) .
The ATFD Tested on a Dense 3-component Network
To illustrate the technique we discuss the analysis of the third dataset (collected by KNET; Figures judged by the discriminant function it was used to define). Of the 47 events, one earthquake and two quarry blasts were misclassified. Following Lachenbruch & Mickey (1968) "drop 1" scores (where an event was judged by a discriminant function defined by all events except itself) were also calculated. These scores, represented by the crosses, are slightly worse. The third test used the linear discriminant function derived from the second dataset (same quarry but a different swarm of earthquakes). Surprisingly, the separation between the populations, represented by the circles, is just marginally worse. The second and third tests suggest that the algorithm should be relatively easy to train. The misidentified events were recorded by relatively few stations (events 45,50 & 70 in Figure 5b ) suggesting a low signal-to-noise and little, if any, network averaging. Outliers, such as these, are a critical problem and are discussed in more detail in the next section.
The Global Test
The raw output of the ATFD for all 250 events considered in this study are shown in Figure 7 . The results are organized into 3 panels giving the autocorrelation, cross-correlation and coda-cepstrum extremes. Again, in each panel the quarry blasts are displayed with the left (events 1 through 144) with the single explosions and earthquakes on the right (events 145 to 250). The datasets are color coded from left to right (e.g. compare the red symbols to assess the performance of the technique on NRDC data). Since all datasets had at least one 3-component sensor, each event is described by 9 variates. Although some overlap exists, the delay-fired events are separated from the earthquakes and single explosions by each of the metrics. The ATFD, when presented with network data, responds in a consistent fashion -the first three datasets cluster in the same manner. The same is true for the tight array data (datasets 4 and 5), which seem to offer less averaging and greater scatter of the variates than the networks. The greatest scatter exists in the single 3-component station results (dataset 6). The discrimination scores are presented in Figure 8 . Of the 232 events in datasets 2 through 6, all but 6 were correctly identified. Of the 18 events in the NRDC dataset, it appears that 2 (of the quarry blasts) would likely have been misclassified. The misclassification probabilities ranged from 0.5% (GERESS) to 3.5% (KNET).The ATFD is robust and easily adapted to a wide range of deployments (from single stations to arrays and networks) and thus easily automated.
Discussion of Outliers
Although the misclassification statistics quoted above are promising, the time-frequency discriminant, like any other, is not perfect -it alone is not the antidote for the small event discrimination problem. Some of the events may have been misclassified because they were misidentified in the first place -i.e. the algorithm is simply correcting the apriori information. Perhaps a few mining events were misidentified because millisecond delays were not used. It seems more likely that the apriori identifications are correct; that is, millisecond delays were used and errors have been made because of some inadequacy of the approach. There is much to be learned from the mistakes -what is the physics underlying the outliers? Why are some earthquakes judged to be delay-fired explosions? Why would millisecond delay-fired events sometimes not yield high frequency modulations?
There are a number of ways to explain the absence of scallops. As pointed out by Stump et al. (1994; 96) , even though an intended shot-grid might be regular in time, shot-scatter may be substantial enough to eliminate the constructive interference necessary to produce scallops. For reasons as yet unknown, some mine blasts detonate, in part, sympathetically (simultaneously). Energy released instantaneously couples very efficiently to seismic and would likely obscure modulations produced nearby by a delayfired shot sequence. If significant variability between the basic wavefields exists (e.g. as discussed by Baumgardt, 1996) , the time-stagger will still be in the recorded wavefield but perhaps difficult to extract since the wavefield will contain stagger without repetition. A fourth and obvious cause of the absence of scallops is attenuation which will preferentially strip the higher frequencies out of the Figure 8: Discriminant scores from datasets 2 through 6. The NRDC scores haven't been included since there were too few explosions (3) to permit a statistical evaluation. Linear discriminant functions were used for all datasets except the sixth (collected by the single station). The raw parameters suggest that 2 of the 15 quarry blasts in the NRDC dataset would be misidentified. Of the 232 events in the other datasets, all but 6 were correctly identified. As expected, the scatter increases as averaging becomes less effective (single 3-component station).
wavefield. Figures 5 and 6 suggest that the outliers in the KNET datasets exist because too few stations were available for the analysis. This in itself suggests that the events generated little signal (and thus scallops) above noise and that network averaging could not be used. This is clearly not a full explanation, however. There is considerable scatter of the variates calculated from the quarry blasts recorded by 6 stations ( Figures 5 and 6 ). These blasts all occurred in the same limestone quarry. Although waveform decofrelation cannot be ruled out as a cause of this variability, it is easier to invoke simple time scatter, Which is known to be common. The flip side of the outlier problem is the appearance of time-independent spectral modulations in earthquake coda. Such modulations might be acquired during resonance in low velocity layers in the crust (Sereno & Orcutt ,1985) .
A Need for More Data
The issue of outliers is of fundamental importance to the development of this, or any other, discriminant.
In this case the problems cannot be adequately addressed since most datasets offer little, if any, ground truth information (the exception is the LLNL dataset which seemed to lend itself particularly well to this discriminant). To advance, we must be able to explain why the discriminant might fail in the operational setting. To do so we need to analyze well constrained events which are known not to produce high-frequency modulations.
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2, Two Ground Truth Experiments in Wyoming -Observations of Anomalous Events
Little of the data used in the global test was collected with ground truth information. In order that progress could be made in a number of the key areas (incl. explaining outliers, finding other discriminants) UCSD and LANL jointly conducted two regional seismo-acoustic monitoring experiments in 1996 and 1997 in Wyoming. One advantage in using data from this region is that it contains numerous active mines. Each mine employs a variety of blasting techniques which span many of the practices usd globally. Also, these data sets were collected to explore the interplay of several monitoring technologies (video, acoustic & seismic) at local to regional distances from the source. In part, we have collected these data to explore the characteristics of these mining explosions that may provide the robust identification. The experiments illustrate some problematic issues which exist in spite of the close scrutiny of a single region. The overall experiment is reviewed in this section. The acoustic component is discussed in detail in Section 5.
The 1996 Wyoming Experiment Overview
In the 1996 experiment, five broadband (STS2) seismic stations were placed around the Black Thunder coal mine in eastern Wyoming (Figures 9a and 9b) . Four of the stations were at a range of 200 km, the fifth (KRET) was located at a range of 100 km on the same azimuth as one of the outer ring stations. A three-element infrasound array (Section 5) was co-located with the seismic instrument at MNTA. Continuous GPS receivers were located with 200 km from Black Thunder (Section 5). The 1997 regional network mirrored the previous one except no temporary acoustic equipment was used and just four seismic stations (in the outer, 200 km, ring) were deployed. The temporary deployments were in addition to permanent stations (including PDAR). Although the Powder River basin mines are extremely active, the events of greatest interest to us were the extensive cast and calibration shots located in the south pit of the Black Thunder coal mine Stump, 1995) , as these were closely monitored with video and acoustic equipment by the LANL team. Four cast explosions were recorded The 1996 Wyoming regional deployment. Although this paper is concerned with seismic results, the deployment also consisted of a three station (100 m aperture) infrasound array located at MNTA and continuous GPS receivers placed at 3 sites. The GPS receivers were deployed to scan for ionospheric perturbations caused by the the acoustic pulse rising from mine shots (Calais et al., 1997) . Two of the receivers were located within the first quiet zone where infrasound would likely be ineffective.
during the two experiments. The largest (August 14, 1997; Figure 9b ) used ~7 million pounds of ANFO. The calibration shots ranged in size from 5500 pounds to 16,000 pounds ( Figure 9b ).
A Ground Truthed Outlier
The multi-million pound shots are used to fragment and cast overburden to expose the coal seam. A typical cast shot will consist of -300 shots arranged in 7 rows detonated within 4 s. Figuite 9c. Broadband sonogram and timeseries recorded by LBOH. The event was a 4.5 million pound cast shot detonated in the Black Thunder coal mine on July 19,1996. Despite using millisecond delays, the shot did not generate obvious scallops at high frequency. Local recordings (made by LANL) indicate a weak, broad scallop at ~ 30 Hz which is expected from this type of event (which employs 35 msec, intershot delays). This scallop did not survive propagation to this station (located 200 km to the west of the mine. 9c). This large (2.25 kT) event is a solid example of known millisecond delay-firing not yielding the expected modulations. It did not have a sympathetic component and was recorded at near-regional range with high signal-to-noise ratio. Attenuation is clearly a factor. Local recordings of Black Thunder cast shots (by LANL) reveal a weak, broad, spectral high at -30 Hz (the frequency of the fundamental interference mode produced by 35 msec delays). This scallop did not survive to 200 km, as signal falls into noise by -25 Hz at this range. The weakening of the scallop is easily synthesized by adding random perturbations to the shot times and, as discussed in the previous section, by allowing waveform variability (Baumgardt, 1996) .
A Detonation Anomaly
A second Black Thunder cast blast detonated with a significant sympathetic component (in which a large percentage of the total explosives detonated simultaneously; Figure 9d ). As expected, this significantly boosted seismic body wave amplitudes (Figure 9e ) and resulted in a body wave magnitude of 4.0. Signal onsets for the August 1 blast are unusual (Figure 9f) . A clear pulse can be seen in 11 recordings at -1.75 seconds after P wave onset. This event provides an empirical example of what might be expected from a "hide in quarry blast" evasive test. The event suggests that it would be difficult to hide a significant release of energy within a quarry blast because delay-firing spreads energy over time and yields weak body waves (see Section 4 for more). No conclusion can be made yet about how much energy can be hidden in this kind of event since the explosive yield of the simultaneous detonation is still unknown.
Analyses.
The next 3 sections describe several analyses of the ground truth data that are complete or currently in progress. A sharp pulse appears in each recording of the later event at -1.75 s after P wave onset.
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Some Observations of Low Frequency Spectral Modulations
Although the previous section discusses spectral modulations which result from intershot delays, typical delay-fired mining events are exceedingly complex and provide other sources of scalloping. In cast explosions, for example used in coal mines in eastern Wyoming where overburden is moved or cast to expose the coal seam, there is significant spall (Stump, 1995) . Each sub-shot in a cast source is followed by a series of significant impacts of casted material on the floor of the pit. The pairing of each sub-shot with a series of impacts delayed by roughly the same interval might produce a simple scalloping with a frequency spacing that is the inverse of the time delay. Regardless of how much explosives the miners have at their disposal, the delay-fired event will have a start and end -typically within a few seconds of each other. This temporal finiteness will also produce modulations (Hedlin etal, 1990 ) and sometimes a prominent spectral notch (Gitterman and van Eck, 1993) . As with intershot delays, these temporal features (casting impact delay, source finiteness) should not depend on the orientation of the sensor.
Time-independent Scallops Below 10 Hz.
This section reports observations of low frequency modulations recorded in Wyoming during the 1996 and 1997 collaborative field experiments. Two key elements of the two regional experiments were that broadband STS2 seismometers were used. These give a flat response between 0.0083 and 40 Hz and thus an opportunity to examine both the high and low frequency components of the regional wavefield.
The seismometers recorded signals produced by delay fired coal and cast shots at mines in the Powder River Basin, as well as calibration shots detonated in the Black Thunder coal mine (Figure 9b ). The calibration shots were detonated primarily so that the coal miners could assess the effect of cast shooting on local assets; however, they were recorded at regional distance above noise and can be used as proxies for nuclear tests.
Considering the likely impact of source finiteness on low frequencies, STFT's were calculated using long (15 s) windows. Averaged log spectra from the full network (Figures 10 -12) show clear timeindependent modulations which do not depend strongly on source-receiver azimuth and recording component. The blast reports can be used to predict spectral modulation, although as pointed out by Stump et al. (1994) , this kind of calculation is only useful as a rough guide since no blast will detonate exactly as planned. Although the planned July 19 shot spanned ~ 3.5 s, the bulk of the energy was expended in the middle 2 s. This leads to spectral modulations spaced ~ every 0.5 Hz -very similar to those observed in the spectra. Relatively significant modulations are expected every 2 Hz (with the most noticable one at 4 Hz). This prediction is, again, in rough agreement with what is observed in the spectra displayed in Figure 10 . The modulations do, however, depend on the source type. The calibration shots (blue curves in Figure 10 ) did not yield coherent spectral modulations. Figure 10 . Although the broadband modulations are barely discernable, obvious time-independent modulations exist below 10 Hz. These are likely due to source finiteness and are largely independent of the recording direction. Each curve shown above represents the average of 46 estimates taken from staggered 15 s. windows which span 125 of P and S coda. Each 3C station yields 3 estimates. The existence of low frequency modulations in the spectra of well documented (known millisecond delay-fired) cast shots in Wyoming is encouraging since these would be relatively resistant to attenuation and should be usable at a greater range. This example not only offers a possible remedy to the highfrequency problem, but is a reminder that the sonogram approach (discussed in the first section) must be regionally trained. All of the six datasets considered in the first section were analyzed using exactly the same input parameters (reviewed in the appendix). Perhaps the misclassification probabilities could have been improved by adapting these parameters to better accommodate local conditions. In Wyoming, the required tuning could be described better as a major overhaul -in regions where extensive cast shooting is the norm, the useful spectral features seem to lie below 10 Hz. 
Current Work.
Clearly, this empirical observation needs to be placed on a firmer physical basis. Our upcoming work, funded by DSWA, will investigate the origin of these spectral modulations through physical modeling. The Wyoming experiments in 1996 and 1997 recorded well over 100 significant mine blasts in the Powder River Basin. The physical modeling will be accompanied by a thorough review of these recordings. The data will be used to determine the robustness of these features and if they are just a property of the largest cast shots or are produced by the smaller coal fragmentation blasts. If these modulations prove to be robust, a statistical test will be developed to detect them and discriminate mining blasts from instantaneous explosions.
Regional Observations of Time-domain Seismic Source Characteristics
4.1 A Regional "Ms:mb" TTBT monitoring at teleseismic distances took advantage of significant surface and body waves emitted by large underground tests and earthquakes. One of the paramount discriminants from that era compared the relative strengths of the two types of energy. Recent work by Anandakrishnan et al. (1997) suggests that a similar approach might be used at regional distances to discriminate mining blasts from instantaneous explosions. They reported observations of significant long-period surface waves radiated by temporally and spatially extensive mine blasts. Unless the mine blast shot sequence detonates anomalously (e.g. with a significant proportion of the shots detonating sympathetically), these shots will excite body waves with low amplitudes.
An Obvious Mismatch Between Calibration and Cast Shots.
As mentioned in the second section of this report, the azimuthal seismic network (Figure 9a ) recorded significant cast blasts occurring in the Powder River Basin and calibration shots detonated in the Black Thunder coal mine. The largest calibration test detonated 16,000 pounds of explosives. As shown in Figure 13 , the body wave amplitudes of a 16,000 pound calibration shot rival those produced by a 4.5 million pound south pit cast blast (detonated without significant anomalies). As expected, the calibration shot was an insignificant source of surface waves (Figures 13 and 14) .
These features are not unique to these two events but appear to be robust. In Figure 15 we compare the relative amplitudes of body and surface waves for 2 calibration and 4 cast shots. The August 1, 1996 cast blast detonated with a significant sympathetic component, giving significantly boosted body wave amplitude but undiminished surface waves. 
Current Work
Although the data collected in Wyoming suggests regional Ms:mb can become a very effective discriminant, much work remains. The two experiments in Wyoming yielded recordings of numerous cast and smaller coal shots detonated in Black Thunder and neighboring coal mines. An upcoming analysis of these data should indicate if this discriminant is just effective for the largest cast blasts or will be useful for smaller blasts which do not have long source duration and cast significant mass of rock. Modeling (of the sort described by Barker et al, 1993 and Anandakrishnan et al, 1997) will be used to place this method on a firmer physical basis.
Waveform correlation
Due to promising results reported in previous papers {inch Harris, 1991 and Grant, 1993) regarding the use of waveform correlations for event characterization, we examine the seismic waveforms of 4 significant Black Thunder cast blasts. We have opted to look at 10 to 20 second period waves because of the observations made by Anandakrishnan et al. (1997) and because low frequencies are relatively immune to attenuation and should be usable for source characterization at a greater range. The azimuthal network (Figure 9a ) has given us an opportunity to examine the dependence of these waveforms on azimuth. In addition, the Black thunder mine (Figure 9b ) is very extensive and contains several mine pits. We have used the data to determine the dependence of the low frequency waveforms on the exact location of the shot and blasting parameters.
In Figure 16 , we display low-passed waveforms from three Black Thunder south pit cast blasts ( Figure  9b ). The waveforms display a remarkable degree of independence from shot size (2.5 to 7 million pounds) and exact location in south pit (all located at the west end of the pit; approx. locations given in Figure 9b ). All three of these shots were fired from east-to-west and south from the pit face, and material was thrown to the north. A large percentage of the ANFO in the smallest shot (green traces in Figure 16 ) detonated simultaneously. Although this sympathetic blast boosted body wave amplitudes, it has not affected the surface waves (Figure 9e ). Although physical modeling is not complete, this observation suggests that once the source duration or spatial extent exceeds some threshold, significant surface waves will be generated. The source duration can then increase without further obvious effect on the temporal character of the surface waves (which seem to be highly dependent on the path and/or direction of the shooting/casting relative to the path to the station).
In Figure 16 , we also show a comparison of a south pit blast with one detonated in the northeast pit (Figure 9b ). In this case there exist notable differences between the two sets of waveforms, suggesting a need for separate "fingerprint" waveforms for these mine pits. Considering the results above, the only significant difference between these two shots was the exact location of the pit and the direction of shooting ( Figure 9b shows the orientation of the NE pit relative to the south pit). Figure 9a ). All shots were detonated in the south pit of the Black Thunder coal mine (Figure 9b ). Low frequency seismic signals from the south pit events are remarkably robust although highly dependent on azimuth, (bottom) South pit (Jul 19,1996) vs the Northeast pit (Aug2, 1996). There are obvious differences between the two sets of waveforms. These observations are preliminary as a more thorough analysis, using physical modeling, has just begun, The utility of low frequency waveforms for regional source identification will be tested more thoroughly through an analysis of the 1996 and 1997 datasets.
Regional Acoustic Monitoring
In the 1950's and 1960's, there was considerable interest in infrasonic energy produced by atmospheric nuclear tests. With the advent of the LTBT in 1963, testing moved underground and seismic became the principal monitoring tool. Because of the CTBT, and concomitant interest in small and shallow events, infrasound has re-emerged as an important monitoring tool. Since natural or man-made events might emit energy into the atmosphere and into the Earth, and since each kind of energy comes with limitations, there is considerable interest in considering infrasonic and seismic signals together. Sorrells et al (1997) have shown the utility of the two data sets in a study of mining explosions in northern Mexico, southeastern Arizona and southwestern New Mexico.
Under the CTBT, location and depth remain paramount indicators of event type. Although strong, shallow, earthquakes can produce a piston-like ground displacement and excite infrasonic waves in the atmosphere (Blanc, 1989) , these events are much more efficient sources of seismic energy. A recent study (Calais et al, 1997) found acoustic ionospheric perturbations resulting from a magnitude ~ 3 mine blast comparable to those produced by the magnitude 6.7 Northridge earthquake. The relative strength of acoustic and seismic signals might provide an effective depth discriminant.
Infrasound signals might further complement seismic by permitting a precise back azimuth estimate and thus giving a more certain event location.
Infrasound Experiment
To test the utility of infrasound for regional monitoring, and as a tool to complement seismic discriminants such as the time-frequency method discussed in the first section, as part of the 1996 regional monitoring experiment a 3-element infrasound array was deployed 200 km to the west of the Powder River Basin with a STS-2 seismometer at MNTA (Figures 9a and 17) . The array recorded highly coherent acoustic signals from the July 19, 1996 Black Thunder cast blast (Figure 18 ). An f-k analysis of the onset energy ( Figure 19 ) returns a back-azimuth estimate within 1.75 degrees of the true mine azimuth. The signal remains close to this azimuth for 6 seconds, while signal levels remain strong.
A Simulation of the Effect of Wind Shear
In spite of this promising result, it is well known that propagation complexities hamper acoustic source studies. As shown in Figure 19 , in the first 6 seconds after the onset of the acoustic signal from a mining blast there is an eastward bias in the back azimuth estimates. Although the bias at onset is very small, later bias ranges from 1 to 8 degrees, while the signal is strong, but increases to 15 degrees in the lull between arrivals. The error was likely due to wind shear since, at the time of the shot, high altitude (30 km) winds were strong (>30 m/s) and directed almost due west between the source and receiver (Figure 20) .
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PiguW 17. The layout of the infrasound array deployed at MNTA (Figure 9a ). The array as co-located with a STS-2 broadband seismometer.
Wind shear will affect signal arrival direction and will have a significant impact on the strength of the refracted energy and the location at which the refraction caustic first returns to the ground. To estimate the effect of wind shear we simulated the propagation of 1 Hz energy using the Parabolic Equation method (Collins et ai, 1995) . Two acoustic velocity models were used. The standard acoustic velocity profile [Calais et ai, 1997) was used to simulate propagation through calm atmosphere. To approximate Wind shear we altered the standard atmospheric velocity at each altitude by adding an assumed wind speed (assumed to be horizontal and increasing from 0 at the free-surface by 1 m/s per km of altitude).
Downwind energy is more highly focused and directed back to the earth at a shorter range (Figure 21 ). 
Recommendations.
Much work needs to be done to assess the value of acoustic data for small-event identification and to make the most of whatever synergy exists between acoustic and seismic signals. Although significant advances in the simulation of acoustic energy through a dynamic medium have been made (e.g. Collins et al., 1995) , much work remains to be done on the quantification of the bias in signal strength and arrival direction caused by wind shear. We need to better understand what kinds of small man-made and natural events produce significant acoustic signals and how much of the source signature survives propagation through a dynamic atmosphere. Simulation experiments and source observations should accompany basic research into background infrasound noise levels and improvements in sensor and array design. . Gridded wind speed data for July 19,1996 at the time of the cast blast. Wind is strong and directed due west at altitude while much weaker and highly variable at the surface. The outline of the state of Wyoming is given in red. The mine is represented by the solid square, the array is located at the triangle. Figure 21 . PE simulations of the propagation of 1 Hz acoustic energy through a stationary (top) and windy (bottom) atmosphere. For these simulations a standard atmosphere velocity model (Calais et al., 1997) was used. In the windy simulation the wind speed increased from 0 at the surface at a rate of 1 m/s for every 1 km of altitude and is directed from the left to right. Shading indicates transmission losses in dB.
The 1996 Continuous GPS Experiment: Brief Overview of Results.
Although the results of this experiment and analysis are reviewed in detail in Calais et al. (1997) , a brief summary is given here. Sources such as atmospheric or buried explosions and shallow earthquakes are known to produce infrasonic pressure waves in the atmosphere. Because of the coupling between neutral particles and electrons at ionospheric altitudes, these acoustic and gravity waves induce variations of the ionospheric electron density. The Global Positioning System (GPS) provides a way of directly measuring the total electron content in the ionosphere and, therefore, of detecting such perturbations in the upper atmosphere. In July and August 1996, 3 large surface mine blasts (1.5 to 2.25 kT) were detonated at the Black Thunder coal mine in eastern Wyoming (Figure 9b ). As part of a seismic and acoustic monitoring experiment, we deployed 5 dual-frequency GPS receivers at distances ranging from 50 to 200 km from the mine (Figure 9a ) and were able to detect the ionospheric perturbation caused by the blasts. The perturbation starts 10 to 15 minutes after the blast, lasts for about 30 minutes and propagates with an apparent horizontal velocity of 1200 m/s. Its amplitude reaches 3x1014 el/m2 in the 7-3 minutes period band, a value close to the ionospheric pertubation caused by the magnitude 6.7 Northridge earthquake (Calais & Minster, 1995) . The small signal-to-noise ratio of the perturbation can be improved by slant-stacking the electron content time series recorded by the different GPS receivers taking into account the horizontal propagation of the perturbation. The energy of the perturbation is concentrated in the 200 to 300 s period band, a result consistent with previous observations and numerical model predictions. The 300 second band probably corresponds to gravity modes and shorter periods to acoustic modes, respectively. Using a one-dimensional stratified velocity model of the atmosphere, we show that linear acoustic ray tracing fits arrival times at all GPS receivers. We interpret the perturbation as a direct acoustic wave caused by the explosion itself. This study shows that even relatively small subsurface events can produce ionospheric perturbations that are above the detection threshold of the GPS technique.
implications for CTBT Monitoring
Ä Currently, the CTBT calls for an International Monitoring System comprising a global network of 60 ground-based infrasound stations. Due to low-velocity sound channels located between the free-surface and about 100 km altitude, acoustic energy emitted by near-surface events is preferentially refracted back to the surface (Figure 21 ). Because of capricious wind speeds, the effective sound speed changes with time and the strength of the refraction caustic and the location where it first meets the ground is variable. Since current CTBT language calls for atmospheric acoustic monitoring to be conducted solely by ground-based infrasound sensors, the existence of this caustic has important ramifications for the use of acoustic energy for source detection, location and identification. An infrasound station located, by chance, just within the inner boundary of the first convergence zone could be close to the event (within 200 km) but likely not able to detect any significant signals. A station located at the caustic might detect a strong signal but, unless the wind is well known, might be unable to facilitate accurate source characterization. Consequently, a technique like continuous GPS, which is capable of probing the upper atmosphere for derivative signals which can be sensed within a broad region including the first quiet zone, might be a good complement to infrasound monitoring. From a verification perspective ionospheric sensing is, as yet, an unevaluated technology. The present study suggests that dual-frequency GPS monitoring could potentially be very useful for CTBT verification.
Appendix -The Automated Time-frequency Discriminant
We have noted (in the main body of this paper and previously in Hedlin et ai, 1989 ) that the frequency content of seismic onsets and coda resulting from delay-fired explosions is often highly independent of the recording component and time. It is well known that the energy is often scalloped in frequency {e.g. Bell, 1977; Baumgardt & Ziegler, 1988) . These qualities are due to source finiteness, the intershot delays or a combination of the two (Hedlin et ai, 1989; 1990) . They can sometimes be acquired during propagation through a resonant crust (Hedlin et ai, 1989) .
To determine the degree to which these qualities are present in a seismic coda we first expand the recording into a time-frequency display (sonogram) by sliding a window (usually 2.5 seconds long) along the time series (with the window sliding 20% of its length each time). A spectral estimate is calculated at each window position, typically using 7 multitapers (Thomson, 1982; Park et ai, 1987) with a time-bandwidth product of 4. As described in Hedlin et al. (1989) each multitaper spectral estimate is converted into binary form through convolution with two boxcars (usually spanning 4.4 and 2.0 Hz), differencing the two smoothed spectra and replacing all locally high (and low) spectral values with +1 (and -1). Using the original, spectral sonogram we estimate the average pre-onset noise level, N(f), and randomize all values in the binary sonogram, B(f,t), which have a smaller amplitude than this average. This randomization is recorded by a mask, R(f,t), which equals 1 or 0 (indicating a randomized point or one that is untouched). Noise suppression is directed at long-lived spectral lines which would, if left untouched, give a sonogram an improperly high level of time-independence. Although the sonograms contain a wealth of information about the evolution of spectral energy in seismic coda, they must be collapsed into a few parameters which are diagnostic of delay-firing and can be used for automatic source discrimination.
Independence from recording direction. This quality is estimated simply by calculating the zero lag cross-correlation between the three pairs of binary sonograms (vertical with east-west; vertical with north-south, north-south with east-west). Given two binary sonograms E and Z (obtained from the east-west and vertical recordings of the same event) the zero lag cross-correlation is given by:
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where RE and Rz are the east-west and vertical component randomization masks. This sum incorporates only those points which have not been randomized. The perfect correspondence of non-randomized points would yield a cross correlation of 1.0. We do not rotate the data into source-centric coordinates (vertical, radial and transverse), since this was found to yield no improvement -as discussed in section 2, it seems that strong spectral scalloping is present in the same form regardless of how the sensor is oriented. When multiple 3-component recordings are available (either in a network or an array), the Figure Al . Slices through the time-independent portions of two-dimensional "coda" cepstra computed from a quarry blast and all the earthquakes considered in Hedlin et al (1990) . The quarry blast sonogram contains a significant amount of time independent energy at a quefrency of 0.2 s.
individual estimates (e.g. of the cross correlation between vertical and east-west) are averaged together to obtain a more stable estimate. Thus, regardless of the nature of the seismic 3-component deployment, cross-correlation yields three parameters for discrimination.
Time Independence and Periodicity in Frequency. These qualities are estimated together by using the coda cepstrum. The cepstrum is calculated by taking the Fourier transform of the log (base 10) of a single, detrended, spectral estimate (Tribolet, 1979; Baumgardt & Ziegler, 1988) . The coda cepstrum (as defined by Hedlin et al, 1995) is calculated by taking the two-dimensional Fourier transform of the binary sonogram (which is detrended by the conversion into binary form). The two-dimensional coda cepstrum is sensitive to spectral periodicities which are constant, or cyclic, with time in the onset phases and coda. To estimate the degree to which time-independent scallops are present we take the maximum of the coda cepstrum at a time-frequency of zero (Figure A.l) . This value is normalized relative to the maximum of the coda cepstrum calculated from a synthetic binary sonogram (which has the same periodicity in frequency and is independent of time, with the exception that the randomization mask applied to the real sonogram is also applied to the synthetic). The quefrency of the maximum can be used to estimate a dominant delay-fire delay or source duration. When the event has been recorded by numerous sensors, the cepstral values are averaged together. Thus, when applied to a single component deployment, the coda cepstrum will yield a single parameter. A 3-component deployment, averaged in the same fashion, will yield three.
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Figut-e A2. The autocorrelations calculated for three quarry blasts and two calibration explosions recorded during the 1987 NRDC experiment. All recordings were made at high gain by the surface sensor at Bayanaul. Also plotted are the autocorrelations for a perfectly random pattern and one for a perfuctly time-independent pattern.
For an additional measure of time-independence we apply an autocorrelation operator to the binary matrix, B(f,t), where the autocorrelation at a lag of k windows, A(k), is given by:
A(k) =
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Considering events recorded by the NRDC network (dataset \\Hedlin et ah, 1989) we have found that the autocorrelation does not depend on the lag (provided that the lags are large enough to ensure no window overlap; Figure A. 2). In practice, when using 2.5 second windows with 20% overlap, we use minimum lag of 6 windows and a maximum equal to the duration of the sonogram). All pairs which include a point that has been randomized, due to noise, are excluded. For a robust estimate of A we average over all appropriate lags. As above, autocorrelation yields a single averaged parameter (or three if the deployment has 3-component stations).
With the measures described above, the ATFD yields nine parameters when applied to a 3-component deployment or just two (one each from the coda-cepstrum and autocorrelation) when single component data are available. These parameters are merged using multivariate statistics. The ATFD is trained in a new region by processing a number of known quarry blasts and earthquakes and/or calibration explosions. In effect, the ATFD is taught to recognize the binary patterns produced by the two types of events (delay-fired/non-delay-fired).
